Development of ocular dominance columns is dependent on patterned retinal activity, and yet patterned activity alone cannot explain all aspects of cortical column development. Features intrinsic to the cortex have been proposed to interact with activity to guide the patterning of cortical columns , and the NMDA receptor, because of its role in experience-dependent plasticity, is an obvious candidate. Using immunohistochemical techniques, we found a transiently patchy distribution of the NMDA receptor 1 (NMDAR1) subunit in kitten visual cortex. Regularly spaced patches of NMDAR1-immunoreactive neurons were found at the top of the cortical plate in the developing visual cortex at 2 weeks of age. At 4-5 weeks of age, the radial extent of the NMDAR1 patches spanned the supragranular layers, and by 12 weeks of age, this nonuniform pattern of NMDAR1 immunostaining was no longer apparent. Monocular visual experience prevented the expression of the NMDAR1 patches, but just 4 d of subsequent binocular visual experience was sufficient to promote expression of the patches. Furthermore, the NMDAR1 patches tended to be associated with the borders of ocular dominance columns. These results suggest that the degree of plasticity associated with NMDA-mediated mechanisms is elevated in local regions across the tangential extent of the visual cortex and that the NMDAR1 patches may participate in sculpting the overall arrangement of visual cortical columns.
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The columnar organization of the visual cortex emerges during development as a result of the progressive elaboration and refinement of its connections and receptive field properties. This development is dependent on visual experience early in postnatal life; disruption of vision during the critical period Wiesel, 1965, 1970; Olson and Freeman, 1980) can lead to a variety of activity-dependent physiological, anatomical, and behavioral changes (see Movshon and Van Sluyters, 1981) . A number of neural mechanisms are involved in this plasticity (for review, see Goodman and Shatz, 1993) ; however, activation of the ionotropic NMDA receptor subclass of the excitatory amino acid glutamate has been implicated as a key component (Bear et al., 1990; Constantine-Paton et al., 1990; Singer and Artola, 1991; Fox and Daw, 1993; K irkwood et al., 1995) . T wo properties of the NMDA receptor distinguish it from non-NMDA glutamate receptors, namely, its membrane voltage dependence and its conduction of C a 2ϩ ions (Goelet et al., 1986; Bliss and Collingridge, 1993) . These properties are believed to make the NMDA receptor well suited for detecting coherent patterns of activity (Collingridge and Singer, 1990 ) of the type stimulated by normal visual experience and ideal for participating in Hebbian synaptic modification (Hebb, 1949) .
Autoradiographic studies of the distribution of the NMDA receptor in kitten visual cortex show a rise and fall in binding intensity that parallels the time course of the critical period (Bode-Greuel and Singer, 1989; Gordon et al., 1991 Gordon et al., , 1996 Reynolds and Bear, 1991) . In layer IV, synaptic transmission is most sensitive to blockade of the NMDA receptor at the peak of the critical period (Fox et al., 1991) . Chronic blockade of NMDA receptors in the visual cortex during the critical period disrupts development of orientation selectivity (Kleinschmidt et al., 1987) , as well as changes in cortical physiology typically associated with monocular deprivation (Kleinschmidt et al., 1987; Bear et al., 1990; Daw, 1994) , reverse suturing (Gu et al., 1989) , and recovery of function after dark rearing (Bear et al., 1990) . It has been proposed that the mechanism underlying this activity-dependent plasticity in the visual cortex is NMDA-dependent long-term synaptic potentiation (LTP) (Komatsu et al., 1981; Artola and Singer, 1987; Bear et al., 1992; Kirkwood et al., 1995 Kirkwood et al., , 1996 . Taken together, the physiological and anatomical evidence links activation of the NMDA receptor with activity-dependent plasticity in the visual cortex.
In kitten visual cortex, various anatomical features are arranged in a patchy manner (Callaway and Katz, 1990; Schoen et al., 1990; , and often their appearance is reminiscent of cytochrome-oxidase blobs (Horton and Hubel, 1981; Murphy et al., 1990 Murphy et al., , 1991 Murphy et al., , 1995 or ocular dominance columns (Hubel and Wiesel, 1968; LeVay et al., 1985; Anderson et al., 1988) . This has led to speculation regarding the significance of these features in the development of columnar systems in the visual cortex. To date, however, there has not been a ready link between activity-dependent aspects of column development and patchy anatomical markers. With recent evidence suggesting that NMDA receptors may be important for emerging synapses (Aoki et al., 1994; Durand et al., 1996) , it is possible that the pattern of NMDA receptors in the immature cortex interacts with correlated neural activity during the formation of ocular dominance columns in the visual cortex. To address this issue, we have mapped the laminar and tangential distribution of NMDAR1 subunit immunoreactivity in V1 during postnatal development of kittens reared with either normal visual experience or reduced binocular correlation resulting from monocular deprivation. Our main finding is that there is a transient, nonuniform distribution of NMDAR1 immunoreactivity in the supragranular layers of kitten visual cortex.
Parts of this paper have been published previously Trepel et al., 1996) .
MATERIALS AND METHODS
Animals and histolog y. The laminar and tangential distributions of NMDAR1 subunit-immunopositive neurons were examined in the visual cortex of 13 normally reared kittens (age range, 1-12 weeks), 3 kittens monocularly deprived until 5 weeks of age, and 3 kittens monocularly deprived until 3-5 weeks of age and then allowed 4 d of binocular visual experience. Monocular deprivation was initiated at the time of natural eyelid opening by suturing the eyelids closed, and the f used lid margins were parted following procedures described previously (Murphy and Mitchell, 1987) . Animals were killed with a lethal injection of Euthanol (sodium pentobarbital, 165 mg / kg) and perf used transcardially with cold 0.1 M PBS, pH 7.4 (4°C; 80 -100 ml /min), until the circulating fluid was clear, followed by 2% paraformaldehyde in 0.1 M PBS (4°C) for 4 min. The brain was removed from the cranium, and the cerebral hemispheres were resected. One hemisphere was unfolded and flattened as described previously (Olavarria and Van Sluyters, 1985; Murphy et al., 1995) ; the other hemisphere was blocked in the frontal plane. After being flattened and blocked, the tissue was post-fixed in cold 2% paraformaldehyde and 30% sucrose in PBS for 6 hr and then transferred to 30% sucrose in PBS and stored overnight. The fixation protocol produced tissue that was appropriately fixed to maintain the cytostructure of the cortex while not compromising the NMDAR1 immunoreactivity of the tissue. Sections were cut on a freezing microtome at a thickness of 50 m either tangential to the pial surface from the flattened hemisphere or in the coronal plane through the intact hemisphere and were collected in PBS. Coronal sections were either reacted to visualize neurons expressing NMDAR1, stained with cresyl violet, or stained for cytochrome oxidase (C O) activity. Tangential sections were reacted for NMDAR1 immunoreactivity, except sections through layer IV from the cats that had been monocularly deprived, which were stained for C O activity (WongRiley, 1979) .
Immunohistochemistr y. Sections were incubated in blocking serum [2% bovine serum albumin (BSA) and 11% normal goat serum (NGS) in PBS], then transferred to PBS, 2% BSA, and 1% NGS containing mouse anti-NMDAR1 (1:500) monoclonal antibody 54.1 (PharMingen, San Diego, CA), and incubated for 40 hr at 4°C. Immunoreactivity was visualized via the avidin -biotin process using Vectastain ABC elite kits (Vector Laboratories, Burlingame CA) and the chromogen 3,3Ј-diaminobenzidine (DAB). Control sections were treated as described excluding the NMDAR1 antibody. Sections were then mounted onto acid-washed, gelatin-coated glass slides and coverslipped with DPX (Aldrich, Milwaukee, W I). A series of light photomicrographs (Fujichrome 64T) of the NMDAR1 immunoreactivity in areas 17 and 18 was taken using Nomarski optics and transferred to photoCD format (Eastman Kodak, Rochester, N Y) or scanned directly using a high-resolution slide scanner (SprintScan 35 plus; Polaroid, C ambridge, M A). The figures were montaged after converting the images into gray levels and adjusting the contrast with the levels tool using Photoshop (Adobe Inc., San Jose, CA). Laminar boundaries for the coronal sections were determined by comparison with adjacent Nissl-stained sections (Shatz and L uskin, 1986) .
Quantitative anal yses. Optical staining intensity and numeric density profiles were plotted from the images of NMDAR1 immunostaining to quantif y variations across laminae and within the supragranular laminae. Measurements of laminar variations in optical intensity and numeric density were made from a 500-m-wide sampling strip in coronal sections spanning the pial surface to the white matter. Each point on the resulting laminar optical profile was the average intensity across the 500 m strip at that laminar location. The optical intensity profiles were plotted relative to the darkest (maximum) and lightest (minimum) staining intensity along each profile. The numeric density was obtained by identif ying all of the NMDAR1-immunostained neurons in the sampling strip and by calculating the number of neurons across the strip at each point along the laminar profile. Numeric densities were plotted relative to the maximum number of NMDAR1-immunostained neurons along each profile. A similar analysis was done to assess the variations in optical intensity and numeric density of NMDAR1 immunostaining within the supragranular layers. For the within-layer analyses, a tangentially oriented sampling window was used (from the top of layers II and III to the bottom of the NMDAR1 patches), and optical intensity and numeric density were quantified at each point along the tangential profile as described above. The ratio of maximum-to-minimum optical intensity and numeric density was assessed by calculating the percent contrast for each profile [contrast ϭ (maximum Ϫ minimum /maximum ϩ minimum) ϫ 100%]. The contrast value provides a measure of the difference between the maximum and minimum intensity or density that is not influenced by variations in overall staining or absolute numbers of neurons between sections. The spacing of the NMDAR1 patches was determined by Fourier analysis of the tangential intensity or numeric density profile. The numeric density of NMDAR1-IR neurons was also quantified in tangential sections through the superficial layers. All NMDAR1-immunopositive neurons within a sampling window from an unfolded and flattened section through the upper layers of area 17 were plotted, and a two-dimensional (2D) nearest-neighbor analysis (Voronoi polygons) was done to quantif y the pattern (Guibas and Stolfi, 1985) . The distribution of Voronoi polygon sizes was compared with randomly generated 2D samples to determine whether the tangential arrangement of NMDAR1 neurons was statistically different from random (Upton and Fingleton, 1985) . To visualize the 2D fluctuations in density of NMDAR1-IR neurons, we calculated color-coded local density maps from the 2D plots of neurons in which red indicates high and blue indicates low density of NMDAR1-IR neurons. Patches were identified from the local density maps in an automated manner. The density contour that corresponded with half the maximum was plotted, and then the peak density (local maxima) within the contour was identified. T wo analyses were performed of the relationship between the NMDAR1 patches and ocular dominance column borders. First, the distance from each patch to the nearest ocular dominance column border was measured, and a cumulative probability distribution was calculated. This was compared with the distributions generated with a Monte C arlo simulation to determine whether the location of the patches relative to the ocular dominance borders deviated from random. Second, the frequency of patches at different distances from the borders to the centers of the ocular dominance bands was calculated by measuring both the distance to the nearest border as well as the width of the band.
RESULTS
Light microscopy revealed NMDAR1-immunoreactive perikarya with thick and thin dendritic processes throughout the laminar extent of kitten primary visual cortex at each of the ages examined. The strongest NMDAR1 immunoreactivity was localized to cell somata and the proximal regions of apical dendrites, with the proximal portions of basilar dendrites staining less intensely and the distal dendritic regions staining lighter still. Axonal labeling could not be distinguished at any of the ages examined. The changes in the pattern of NMDAR1 immunoreactivity across laminae and within the supragranular layers in area 17 during postnatal maturation were quantified using measures of both optical staining intensity and numerical density of labeled cells. It is clear that the laminar and supragranular arrangements undergo substantial change during the course of development, both in the intensity of the neuronal staining and in the number of NMDAR1-immunoreactive neurons.
Early neonatal development
At the earliest age studied, postnatal day 7, dark bands of NMDAR1 immunostaining were apparent across the top of the developing layers II/III and across layers IV and VI (Fig. 1 A) .
Perikarya of various sizes were distinctly labeled in layers II and III, with thick apical dendrites extending from pyramidal neurons toward layer I (Fig. 1 B) . The darkest neuropil and perikaryal staining was found in layer IV, with cells that were more punctate than were those in the upper layers. The darkest dendritic staining was localized to layers V and V I, where intensely stained somata from both laminae possessed strongly immunoreactive apical dendrites that could be traced into layer IV. In all layers, the highest levels of immunoreactivity were found in perikarya and the proximal portions of their apical dendrites.
Quantitative assessment of the laminar variations in optical staining intensity and numeric density of NMDAR1-IR neurons bore out the qualitative descriptions. The optical staining intensity profile ( Fig. 1 A) from layer I to the subplate showed peaks at the top of layers II and III, in layer IV, and in layer VI, with the maximum optical intensity found in layer IV. The variation from minimum to maximum optical intensity across the laminae yielded a contrast value of 39%, indicating that there was a marked difference in the staining intensity between the laminae. The numeric density showed a similar laminar pattern of peaks with the largest number of NMDAR1-IR neurons in layer IV, followed by a peak in layer VI and at the top of layers II and III ( Fig. 1 A) . The ratio between the minimum and maximum numeric density of NMDAR1-IR neurons across layers was very pronounced, reflected in a numeric contrast of 71%. The laminar variations in optical staining intensity and numeric density were strongly correlated (r ϭ 0.88), indicating that at 1 week of age the dark bands of NMDAR1 immunoreactivity observed in layers II/III, IV, and VI were the product of both larger numbers of NMDAR1-IR neurons and intense staining.
As early as 1 week of age, some aggregates of darkly stained NMDAR1-immunopositive pyramidal cells were observed in the superficial aspect of the developing cortical plate ( Fig. 1 A, 
arrow).
Both their distinctiveness as well as their laminar position suggest that they may be early signs of the NMDAR1 patches evident in older kittens.
At 2 weeks of age, the laminar variation in NMDAR1 immunoreactivity in area 17 was very similar to the pattern observed at 1 week of age. Dense NMDAR1 immunoreactivity was observed at the top of layers II and III, in layer IV, and in layer VI. A distinct difference was apparent, however, in the labeling pattern within the superficial tier of layers II and III ( Fig. 2 A, asterisk) , where dense patches of NMDAR1 immunostaining were found in area 17. Examination of the staining pattern in layer II revealed numerous NMDAR1-IR pyramidal cells and their processes, as well as slightly darker neuropil staining, within a patch ( Fig. 2 B, filled arrowhead) relative to an interpatch region ( Fig. 2 B , open arrowhead) . A gradient of labeling intensity was also apparent, with pyramidal cells within a patch more intensely labeled than neighboring cells either within layer II or proximally located in layers I or III. This type of patchiness in the expression of NMDAR1 was not observed in either the granular or the infragranular layers.
Analysis of the tangential variation in NMDAR1 immunoreactivity within layer II at 2 weeks of age revealed regular fluctuations in both the optical staining intensity and the numeric density of NMDAR1-IR neurons. A clear waxing and waning of the tangential optical staining intensity was found (Fig. 2 A) . Quantification of the fluctuations in intensity yielded an optical contrast of 38% between the maximum and minimum staining intensities. Moreover, analysis of the local variations in the density of NMDAR1-IR neurons within layer II demonstrated regular fluctuations in the number of immunopositive neurons (Fig.  2 A) , with a numeric contrast of 55% between the patch and interpatch regions. The large contrast value supports the observation that there are greater numbers of NMDAR1-immunoreactive neurons within the patches relative to the interpatch regions (Fig. 2 B) . The tangential profiles of numeric density and optical intensity were strongly correlated (r ϭ 0.86), and Fourier analysis of the profiles indicated an interpatch spac- Figure 1 . A, Light micrograph showing NMDAR1 immunostaining in area 17 of a 1-week-old kitten. At this age the cortex is still immature, as signified by a zone of tightly packed neurons at the top of the cortical plate. The laminar pattern of label shows dense staining in layers IV and VI as well as at the top of the cortical plate. The profiles of laminar variation in optical staining intensity and numeric density ( plots on the right) had contrast values of 39 and 71%, respectively. The strong correlation between these measures (r ϭ 0.88) indicates that the dense label in layers IV and VI reflects both more intense staining and more labeled neurons than in the other laminae. The laminar boundaries were determined from adjacent Nissl-stained sections. B, Higher magnification view of layer I and the top of the cortical plate (in the region indicated by the arrow in A) showing numerous immunoreactive cell bodies and processes in the developing cortical plate, with the processes extending toward layer I. Scale bars: A, 500 m; B, 50 m. SP, Subplate.
ing of 677 m. These results demonstrate that the NMDAR1 patches in layer II are comprised of both more intense staining and more NMDAR1-IR neurons relative to the interpatch regions.
Peak of the critical period
Several changes in the laminar pattern of NMDAR1 immunostaining were apparent at 4 weeks of age (Fig. 3A) . Layer I of 4-week-old kittens continued to show sparse NMDAR1 immunoreactivity punctuated by immunoreactive cells. Neurons in layers II and III at 4 weeks of age were well defined, and considerable variability in size notwithstanding, the majority were pyramidal in shape. Almost all had well-stained, thick apical processes, with greater numbers than at early ages also showing clear, moderately labeled thick and thin basilar processes extending horizontally. Several radially oriented bundles of immunoreactive processes were apparent in upper layer II and extending into layer I, Figure 2 . NMDAR1 patches are clearly visible at 2 weeks of age. A, At low magnification, these patches (arrows) may be seen in layer II, with layer IV continuing to show heav y, uniform immunostaining. Tangential optical intensity and numeric density profiles ( plots on the bottom) through these patches show a pattern of large, regular fluctuations, and these two measures are strongly correlated (r ϭ 0.86). B, A high magnification micrograph of the lef t-most patch seen in A is shown. It is apparent that immunoreactive layer II pyramidal cells comprise these patches. Note the well-defined apical and basal dendritic processes. Scale bars: A, 500 m; B, 100 m. Figure 3 . NMDAR1 immunoreactivity in area 17 at 4 weeks ( A) and 5 weeks ( B) of age with profiles of both the laminar (right) and the supragranular tangential (bottom) optical staining intensities and numeric densities of NMDAR1 immunoreactivity. A, By 4 weeks of age, the radial extent of the densely labeled NMDAR1 patches (arrows) has lengthened to encompass layers I-III and encroaches into the most superficial aspect of layer IV. The lower half of layer IV also demonstrates dense immunolabeling. These laminar and tangential patterns are reflected in the profiles. B, Light micrograph of the pattern of NMDAR1 immunostaining at 5 weeks of age is shown. Prominent, densely labeled NMDAR1 patches (arrows) can be seen to extend through the supragranular layers. Although the correlation between the tangential optical intensity and numeric density through the patches in layers II and III was strong (r ϭ 0.81), the laminar profiles were less well correlated (r ϭ 0.49), indicating that neuropil staining was contributing to the laminar staining pattern. Scale bar, 500 m.
whereas the apical dendrites of many lower layer II and upperto-mid layer III cells could be followed into the superficial extent of layer II. Fewer labeled cells in layer IV had readily distinguishable processes relative to cells in layers II and III. Concurrently, the dark band of immunostaining observed previously throughout layer IV was concentrated in lower layer IV, resulting in the upper region of the granular layer (IVA) appearing light by comparison. Large, well-labeled pyramidal cells with thick apical and basilar dendrites were found in layer V. The apical dendrites of the large layer V pyramidal cells could be traced through layer IV with some extending into layer III. Layer V I cells generally appeared as smaller pyramids with thinner and more lightly stained processes than those seen in layers III or V. The neuropil of layer V I B was more intensely immunostained, and its pyramidal cells appeared slightly darker compared with layer VIA cells.
At 4 weeks of age, analysis of the laminar variation in optical staining intensity showed peaks in staining intensity in layers II and III, lower layer IV, and lower layer V I (Fig. 3A) . The optical contrast of these laminar variations was 13%, indicating that the laminar differences in staining intensity were less pronounced than were those found in younger kittens. The profile of laminar variations in numeric density also showed peaks in layers II and III, layer IV, and layer V I; however, the correlation between the optical intensity and numeric density profiles was less than that found in younger kittens (r ϭ 0.49). The reduced correlation indicates that the laminar variations in staining intensity do not simply reflect differences in the number of NMDAR1-IR neurons but instead must also reflect differences in the level of neuropil staining.
The NMDAR1 patches appeared as radially oriented columns at 4 weeks of age extending from layer I through layers II and III, with some dipping into upper layer IV (Fig. 3A) . These patches were clearly reflected in the pattern of strong peaks and troughs in the tangential optical intensity and numeric density profiles (Fig. 3A, asterisk) through layers II and III (optical contrast, 25%; numeric contrast, 43%). The peak-to-peak spacing of the numeric profile in Figure 3A was 798 m. The optical intensity and numeric density were strongly correlated (r ϭ 0.81), indicating that patches of high NMDAR1 immunostaining also contained more NMDAR1-IR neurons than were found in the less intensely stained interpatch regions.
The laminar pattern of NMDAR1-immunopositive cell types in area 17 at 5 weeks of age (Fig. 3B) was very similar to that of the cell types labeled at 4 weeks of age. Quantification of this laminar pattern showed progressive development toward the mature arrangement. The highest level of staining, as quantified by optical staining intensity, was found in the infragranular layers (Fig. 3B) , whereas the lowest overall staining level was in layer IV. The numeric density profile showed the peak density of NMDAR1-IR neurons to be in lower layer IV and layer V, followed by the supragranular layers, whereas the minimum numeric density was in layer V I. There was a clear divergence in layer V I between the optical intensity and numeric density, and this difference was reflected in the very low correlation between the laminar profiles (r ϭ 0.10). C loser examination of the labeling in layer V I revealed that the increased optical intensity was a result of an increase in neuropil staining. This divergence between optical intensity and numeric density profiles speaks directly against the notion that there is a simple relationship between these two measures or that one always predicts the other and underscores the importance of the numeric analysis in combination with optical density measures.
The supragranular NMDAR1 patches in area 17 at 5 weeks of age extended from layer I through to layer III, with some clearly encroaching into the superficial aspect of layer IV (Fig. 3B) . There was no patchiness observable in the infragranular layers. Closer examination of the patches at 5 weeks of age using Nomarski optics revealed an increased density of fine NMDAR1 immunostained processes arising from layer II/III pyramidal cells and extending into layer I relative to an interpatch region. These processes, as well as darker neuropil staining, contributed to the darker immunostaining in layer I within a NMDAR1 patch. Analysis of the NMDAR1 patches in supragranular layers of area 17 revealed periodic fluctuations in both optical staining intensity (optical contrast, 23%) and numeric density (numeric contrast, 38%) of NMDAR1-IR neurons (Fig. 3B) . Furthermore, the tangential profiles of numeric density and optical intensity within layers II and III were correlated (r ϭ 0.57). Fourier analysis of the numeric density profile had one major peak corresponding to a spacing of 535 m between the NMDAR1 patches in this example.
Analysis of the local density of NMDAR1 neurons from unfolded and flattened sections through layers II and III of area 17 showed the 2D pattern of fluctuations in numeric density at 4 weeks (Fig. 4 A, C) and 5 weeks (Fig. 4 B, D) of age. Two sets of analyses were performed on the 2D plots of NMDAR1-IR neurons. First, a nearest-neighbor analysis was performed (Voronoi polygon) to characterize the distribution of polygon areas for the NMDAR1 plots (Fig. 4 A, B) and to compare these with randomly generated plots. All of the distributions of NMDAR1-defined polygon areas were different from random ( p Ͻ 0.001). Second, color-coded 2D plots of local numeric density were calculated (Fig. 4C,D) and showed a regular arrangement of patches of high density (red regions) interspersed with regions of lower density. The pattern of high density NMDAR1 patches is reminiscent of the 2D pattern of cytochrome oxidase blobs in cat visual cortex.
NMDAR1 immunostaining of area 18 at 5 weeks of age showed the same general features described above for area 17. Pronounced patches of NMDAR1 immunoreactivity were apparent in the supragranular layers in area 18 at 4 -5 weeks of age (Fig.  5, asterisk) . The patches in area 18 extended from layer I through layer III, and as in area 17, densely labeled pyramidal somata, dendritic processes, and neuropil distinguished the NMDAR1 patches from the intervening regions. The profiles of optical intensity and numeric density within the supragranular layers showed periodic fluctuations (Fig. 5) that had maximum to minimum differences equivalent to 30 and 33%, respectively. These profiles were closely correlated (r ϭ 0.89), and Fourier analysis of this numeric density profile indicated that the spacing between NMDAR1 patches was 568 m. The relationship between staining intensity and number of NMDAR1-IR neurons indicated that the patches in area 18 were comprised of more darkly labeled neurons relative to the interpatch regions, similar to the relationship found in area 17, and that this nonuniform distribution of the NMDAR1 subunit is a robust feature of both the primary and secondary visual cortices at these ages.
Late critical period to maturation
The overall intensity of NMDAR1 immunoreactivity in areas 17 and 18 at 8 weeks of age was similar to that seen at 5 weeks of age (Fig. 6 A) . The composition of NMDAR1-IR neurons in the supragranular layers had not changed significantly from 5 weeks of age. Layer IV showed the lightest staining, and the perikarya of this layer were more lightly stained and sparser than at 4 or 5 weeks of age. The pattern of NMDAR1 immunoreactivity in the infragranular layers showed darker bands through layers V and VIB. Layer V and V I B had many well-defined NMDAR1-IR pyramidal cells with well-labeled apical processes that extended toward the pial surface.
Some NMDAR1 patches were present in the supragranular layers of area 17 at 8 weeks of age; however, they were located only around the crown of the postlateral gyrus and up to the border with area 18 (Fig. 6 A) . As observed in sections from younger kittens, the patches were composed of densely labeled layer II / III pyramidal cells encapsulated by slightly darker neuropil staining. Farther away from the border between areas 17 and 18, down the medial bank of area 17 and within area 18, NMDAR1 immunostaining in the upper layers was dark and did not exhibit obvious patchiness.
By 12 weeks of age, the features of the NMDAR1 immunostaining in area 17 of the cat had undergone a number of changes relative to earlier time points. Layer IV neurons were very lightly labeled, whereas neurons in the supragranular and infragranular layers continued to be well labeled. In particular, dark NMDAR1 immunostaining was observed in layer V I B in area 17. There was very little neuropil immunoreactivity in layer I at this age, except for a small number of sparsely distributed layer II apical dendrites that extended into layer I.
The most striking difference observed at 12 weeks of age was the complete absence of the nonuniform, patchy NMDAR1 immunostaining characteristic of the supragranular layers at earlier (dots), and the Voronoi polygon around each neuron, in which every point inside the polygon is closer to the neuron it encircles than to any other neuron in the plot, was calculated (A, 4 weeks of age; B, 5 weeks of age). The distributions of polygon areas were significantly different from the distributions for randomly generated points ( p Ͻ 0.001). C, D, Color-coded local density maps from the above plots of NMDAR1-IR neurons are shown (C is from A; D is from B), in which red indicates a higher and blue indicates a lower density of NMDAR1-IR neurons. There is a regular 2D arrangement of high density NMDAR1 patches. Scale bar, 500 m.
ages. The nonpatchy distribution observed along the medial bank of area 17 at 8 weeks of age had expanded to cover the entirety of area 17 (Fig. 6 B) . Analysis of optical intensity through the supragranular layers did not show the large, periodic fluctuations in intensity observed in younger kittens, thereby reaffirming the qualitative observations that the mature pattern of NMDAR1 immunostaining was not patchy.
Monocular deprivation and subsequent binocular vision
The pattern of NMDAR1 immunostaining in area 17 after monocular deprivation to 5 weeks of age was different from that observed in kittens reared with normal visual experience. Most notably, no patchiness was observed in any layer of the visual cortex (Fig. 7A) in any of the monocularly deprived kittens. The overall intensity of the labeling was reduced, and the staining of individual neurons was less distinct when compared with that of normally reared kittens. In the supragranular layers, there were numerous lightly labeled perikarya, most of which were pyramidal in shape. Few of these neurons had stained dendritic processes, and when stained apical dendrites were observed, the NMDAR1 immunostaining was apparent only on the most proximal portion of the dendrite. The small, granular-shaped neurons in the upper portion of layer IV were very lightly labeled, whereas a darker band of immunostaining was observed across the ventral aspect of layer IV and through layer V. This band represented immunostaining of the perikarya and the most proximal portions of the apical dendrites and was the darkest NMDAR1 immunostaining observed in area 17 after 5 weeks of monocular deprivation. Small, lightly stained, pyramidal-shaped perikarya characterized the NMDAR1 immunostaining in layer V I, with few labeled processes present. Quantitative analysis of the distribution of NMDAR1 immunostaining in layers II and III (Fig. 7A) showed no periodic variation of the optical intensity or the numeric density in the visual cortex of any monocularly deprived kittens. Thus, monocular deprivation from the time of eye opening reduced the overall intensity of NMDAR1-IR in the visual cortex and changed the pattern of NMDAR1-immunostained neurons in the supragranular layers.
The introduction of 4 d of binocular vision after monocular deprivation resulted in dark, periodic patches of NMDAR1-immunostained neurons in the supragranular layers (Fig. 7B ) of all the kittens reared in this manner. NMDAR1-IR neurons in the supragranular layers were well defined, with many more darkly labeled neurons and processes than were observed immediately after termination of monocular deprivation. Interestingly, the patches observed after 4 d of binocular vision were in the same region of area 17 as those observed at 8 weeks of age (Fig.  6 A) , namely, around the crown of the postlateral gyrus up to the border with area 18. Analysis of these patches showed regular periodic fluctuations in both the optical intensity (contrast, 35%) and numeric density (contrast, 39%) of NMDAR1-IR neurons Figure 6 . A, At 8 weeks of age, the optical intensity analysis [from the border (arrow) between areas 17 and 18 to the right-most arrowhead in area 17] revealed that the supragranular layers of area 17 continued to have NMDAR1 patches (arrowheads), mainly near the crown of the area 17 gyrus, whereas examination of the medial bank revealed dense, uniform immunostaining. The NMDAR1 labeling in area 18 exhibited dense, uniform labeling in layers II and III. B, At 12 weeks of age, the optical intensity analysis showed that NMDAR1 patches were no longer apparent in the supragranular layers of areas 17 or 18. Scale bar, 500 m. with an average spacing of 486 m between the patches. This spacing was similar to that observed in normally reared kittens and approximately the width of one eye's ocular dominance columns.
Finally, the arrangement of NMDAR1 patches was compared with the underlying pattern of ocular dominance columns. After monocular deprivation and 4 d of binocular vision, the LGN laminae receiving input from the initially nondeprived eye were more darkly stained for C O activity, and there was a clear pattern of light and dark ocular dominance bands (Murphy et al., 1995) in layer IV of C O-stained sections (Fig. 8) . Using radial blood vessels, we aligned the 2D map of NMDAR1-IR neurons with the pattern of ocular dominance columns. Visual comparison of the map of NMDAR1 patches (Fig. 9A) with the ocular dominance columns (Fig. 9B) showed that some NMDAR1 patches (red regions) were near the borders of ocular dominance columns; however, others were not (Fig. 9C) . To test whether these features were related, we performed two quantitative analyses. First, the NMDAR1 patches were identified in an automated manner (see Materials and Methods), and the distance to the nearest ocular dominance border (Fig. 9D ) was measured and compared with Monte C arlo simulations. This showed that the NMDAR1 patches and ocular dominance columns were not independent ( p Ͻ 0.005; Wilcoxon test). Second, the number of NMDAR1 patches in different regions of the ocular dominance columns, from the border to the center, was counted. The frequency distribution showed a higher incidence of NMDAR1 patches near the borders (ϳ32%) and fewer near the centers (ϳ9%) of ocular dominance columns ( p Ͻ 0.00001; 2 test) (Fig. 10) . These analyses indicate a tendency for NMDAR1 patches to lie preferentially near ocular dominance borders and to avoid the centers.
DISCUSSION
In this study, we have used a monoclonal antibody to the NMDAR1 subunit to determine the laminar and tangential distribution of this key component of experience-dependent plasticity during postnatal development of kitten visual cortex. We found a new feature of the tangential organization of the supragranular layers. Dense, regularly spaced patches of NMDAR1-immunoreactive neurons were observed in the supragranular layers of V1 and V2 of kittens reared with binocular visual experience. The NMDAR1 patches were clearly visible at the top of the developing cortical plate at 2 weeks of age; by 4 weeks of age, their radial extent had lengthened to encompass layers I-III; and by 12 weeks of age, they were no longer apparent. Although the most ventral aspect of the NMDAR1 patches may dip into the superficial tier of layer IV, there was no obvious patchiness in layer IV at the ages studied. Furthermore, the patches were not expressed after early monocular deprivation. This pattern of NMDAR1 immunostaining extends an observation by Aoki et al. (1994) who reported clusters of NMDAR1-immunostained apical dendrite bundles below the marginal zone in developing rat visual cortex [see Aoki et al. (1994) , their Fig. 6C ].
There are several methodological factors that contributed to the identification of NMDAR1 patches in this study. In contrast to the much thinner sections that must be used in autoradiographic preparations (e.g., Bode-Greuel and Singer, 1989; Smith and Thompson, 1994) , the use of 50-m-thick sections in this study permitted a greater proportion of the cell somata to remain intact and labeled. Reynolds and Bear, 1991; Rosier et al., 1993; Gordon et al., 1996) , cannot achieve the same level of precision afforded by the high-affinity immunocytochemical labels used in the present study (Huntley et al., 1994; Siegel et al., 1994) . Finally, the use of a monoclonal antibody provides the cellular resolution necessary for visualizing NMDAR1-labeled neurons and for quantifying their distribution. The laminar pattern of development of NMDAR1 immunostaining is in accordance with both homogenate and in situ autoradiographic studies of NMDA receptor development Figure 8 . The 2D pattern of ocular dominance columns in layer IV after monocular deprivation to 5 weeks of age and 4 d of binocular vision. The sections were stained for CO activity, and the dark er bands represent the columns of the initially nondeprived eye. The 2D arrangement of ocular dominance columns is already adult-like at this age. Inset shows the relationship between areas 17 and 18 in flattened sections. Scale bar, 5 mm. A, Anterior; M, medial; P, posterior; L, lateral. (Greenamyre et al., 1985; Bode-Greuel and Singer, 1989; Rosier et al., 1993; Gordon et al., 1996) . Initially, the highest levels of NMDAR1 subunit labeling are in layer IV and then subsequently within the superficial layers of the visual cortex. These laminar results agree with previous immunohistochemical studies examining the development of the NMDA receptor in rat, cat, and ferret visual cortex (Aoki et al., 1994; Aoki, 1997; C atalano et al., 1997) . In addition, it is clear that during the early stage of development, the laminar pattern of NMDAR1 immunostaining primarily reflects the number of labeled neurons and the intensity with which they are stained. In the adult, however, neuropil staining contributes to the laminar appearance of NMDAR1 immunoreactivity. This was especially true for layer VIB that appeared as a darker band in the adult because of the more intense neuropil staining in that layer.
Relationship to visual cortical LTP
The abrupt increase at 2 weeks of age in the density of supragranular NMDAR1-IR, both inside and outside the patches, is consistent with the synaptic electrophysiology of this system. NMDA-dependent LTP has been shown to be induced more easily both in supragranular visual cortical neurons (Komatsu et al., 1988; K irkwood and Bear, 1994) and in immature neocortex (Artola and Singer, 1987; Perkins and Teyler, 1988; Komatsu and Toyama, 1989) . Several studies (Tsumoto and Suda, 1979; Komatsu et al., 1981 Komatsu et al., , 1988 , however, have demonstrated that slices of kitten visual cortex younger than 2 weeks of age show resistance to the induction of supragranular LTP. Furthermore, LTP induction in the supragranular layers has been reported to occur with diverse probabilities (e.g., Komatsu et al., 1988; Kato et al., 1991; for review, see Teyler et al., 1990) , and it is possible that the patchy expression of NMDAR1-IR reported here may contribute to this variability. The dependence of neocortical LTP induction on the activation of NMDA receptors (Sutor and Hablitz, 1989; Artola and Singer, 1990 ; but see Komatsu et al., 1991) suggests that the probability of LTP induction across the extent of the visual cortex could be affected by the position of the electrode relative to an NMDAR1 dense patch.
Relationship to visual cortical columns
Activation of the NMDA receptor is a necessary component of the experience-dependent development of ocular dominance columns (K leinschmidt et al., 1987) , and NMDA receptor channel f unction decreases during the critical period as the capacity for columnar rearrangement diminishes (Fox et al., 1991) . Based on these findings and the present results, an obvious question is whether the patches are related to ocular dominance columns. Appearance of the NMDAR1 patches was disrupted by early monocular deprivation, suggesting that expression of NMDAR1 patches may depend on binocular visual experience that leads to normal segregation of ocular dominance columns. We tested this possibility by introducing a short period Figure 9 . A, Color-coded 2D local density map of NMDAR1-immunostained neurons in an unfolded and flattened section through layers II and III in which red indicates higher and blue indicates lower density is shown. B, The pattern of ocular dominance columns in layer IV was aligned with the local density map using the radial blood vessel pattern. The dark ocular dominance bands represent the initially open eye (ipsilateral), and the pale bands represent the initially closed eye (contralateral). C, The borders of the aligned ocular dominance bands were overlaid onto the NMDAR1 local density map. D, The NMDAR1 patches (red dots) were identified in an automated manner, and the relationship between the patches and the borders of the ocular dominance columns was analyzed. There is not a strong qualitative impression of the spatial relationship; however, quantitative analyses showed that the NMDAR1 patches tend to avoid the centers of ocular dominance columns (see Fig. 10 ).
of binocular vision after monocular deprivation to 5 weeks of age. This is the peak of the critical period when there is substantial plasticity in the visual cortex and significant anatomical changes can occur within just a few days of altered visual experience (Antonini and Stryker, 1993) . In this case, the altered visual experience was the initiation of binocular experience by simply opening the deprived eye. Just a few days of binocular vision was sufficient to promote expression of the NMDAR1 patches, thereby suggesting a link between the patches and binocular visual experience. Moreover, the patches had a spacing comparable with the width of one eye's ocular dominance columns and a tendency to be located near the borders of ocular dominance columns. It is important to remember that the relationship between NMDAR1 patches and ocular dominance borders was visualized after monocular deprivation; therefore, it will be necessary to extend this analysis to normally reared animals to address this issue definitively.
Relationship to other patchy markers
Several features intrinsic to the cat visual cortex are arranged in a patchy manner. Most notable are the cytochrome oxidase blobs (Murphy et al., 1990 (Murphy et al., , 1995 and the periodic clusters of intracortical connections in the supragranular layers of cat visual cortex (C allaway and Katz, 1990) . During development, various other markers including adenosine (Schoen et al., 1990) , zinc , and serotonin (Dyck and C ynader, 1993) are transiently patchy. The arrangement of these markers is of particular interest because of their association to the NMDA receptor. It is known that there is a distinct binding site for zinc on the NMDA receptor, that nitric oxide and NMDAR1-IR are colocalized on spines , and that zinc alone (Forsythe et al., 1988) and serotonin in conjunction with nitric oxide (Montague et al., 1994; Kara and Friedlander, 1995) have been shown to modulate NMDA receptor-mediated excitatory transmission. Consequently, the distribution of the NMDA receptor may be the common element linking these patchy anatomical markers.
Both the NMDAR1 patches and the cytochrome oxidase blobs are found in the supragranular layers; however, they are related to different aspects of ocular dominance columns. Blobs are spatially linked with the centers of ocular dominance columns (Horton, 1984; Murphy et al., 1995; Hubener et al., 1997) and functionally linked with the columnar organization of the visual cortex and the streaming of information into parallel processing pathways (Zeki, 1976; Hubel, 1983, 1984; Van Essen, 1985, 1988; Shipp and Zeki, 1985; Murphy et al., 1991 Murphy et al., , 1995 Van Essen et al., 1992; Shoham et al., 1997) . Furthermore, blobs develop even in the absence of retinal activity (Kuljis and Rakic, 1990) , suggesting that their arrangement is insensitive to experience-dependent change. The NMDAR1 patches, on the other hand, are sensitive to changes in the pattern of retinally driven activity and tend to be located near the borders of ocular dominance columns. Perhaps the blobs and NMDAR1 patches fill complementary niches during the development of visual cortical columns, possibly contributing in a synergistic manner to the patterning of ocular dominance columns.
Role for NMDAR1 patches in column development
What role might be served by a patchy distribution of the NMDA receptor in the developing visual cortex? It is curious that when the NMDAR1 patches first appear at 2 weeks of age, they are found in the only lamina that never receives direct thalamic input (Shatz and Luskin, 1986) , the same area where the clustered intracortical connections emerge (Callaway and Katz, 1990) . This suggests that, initially, the NMDAR1 patches are not directly driven by geniculocortical inputs but instead reflect an organization intrinsic to the visual cortex that interacts with retinally driven activity. It has been proposed that the presence of NMDA receptors is important for the formation and strengthening of nascent synapses (Aoki et al., 1994; Aoki, 1997) and that their arrangement may act as a blueprint for developing synapses (Durand et al., 1996) . Based on these ideas, the NMDAR1 patches could be an element of an intrinsic columnar protomap. A role for the patches in such a map can be formulated by considering the model for NMDA receptor involvement in activity-dependent refinement of developing connections proposed by Cline and Constantine-Paton (1990) . In their model, increased NMDA receptor activation leads to the sculpting of axons by synapse stabilization, survival of axon arbors, and axon restriction. Because activation of the NMDA receptor occurs when there is simultaneous pre-and postsynaptic activity (Bliss and Collingridge, 1993) , regions with more NMDA receptors could effectively have both a lower threshold for detecting coactive inputs and a greater probability of initiating synapse stabilization and axon restriction. The regions of binocular overlap in cat V1 are primarily near column borders (Hata and Stryker, 1994) , have lower levels of coactivity, and are where connections are sculpted and refined during experience-dependent development of the columns. The NMDAR1 patches were not found when cortical binocularity and normal ocular dominance column development were disrupted by monocular deprivation; however, they were present when binocular vision was introduced. These results suggest a relationship between the NMDAR1 patches and the ocular dominance columns, although f urther experiments will be necessary to answer whether the NMDAR1 patches are a factor in the normal development of ocular dominance columns. Although normal binocular experience, coupled with activation of the NMDA receptor, is crucial for the development of ocular dominance columns, it is clear that these factors alone cannot account for all of their attributes. For example, Horton and Hocking (1996) have demonstrated an adult-like pattern of ocular dominance columns at birth in the macaque. These results support the notion that factors intrinsic to the cortex, interacting with retinal activity, guide the overall arrangement of cortical columns . The NMDAR1 patches have the appropriate characteristics to be involved in guiding the 2D arrangement of nascent columns.
